We present a study on electrical and optical trade-offs of the doping map in a ring modulator. Here, we investigate the effects of the high-doped region distance to edge of the waveguide sidewall. Four groups of ring modulators with different rib-to-contact distances are fabricated and measured where the key parameters such as extinction ratio, insertion loss, transmission penalty, and bandwidth are compared quantitatively. Small-signal responses for the selected ring modulators are simulated where results are in agreement with measurement results. We show that, at 4dB extinction ratio, decreasing the high-doped region distance to rib from 800nm to 350nm will increase the bandwidth by 3.8×. However, we observed 8.4dB increase the insertion loss. We also show that the high-doped region location affects the tradeoff between bandwidth and frequency response magnitude at low frequencies. At 350nm, this trade-off is 2.5× and 3.8× more efficient compared to 550nm and 800nm, respectively.
Introduction
Data traffic is increasing mostly due to consumer usage via high data-demanding applications such as video streaming and cloud computing. One of the methods to increase the capacity of data communication on a single optical fiber is to use wavelength division multiplexing (WDM). One of the most desirable optical modulators in WDM links is the carrier-depletion silicon ring modulator employing a reverse-biased pn diode [1] [2] [3] [4] . Therefore, the depletion-type ring modulator, a main building block in a WDM link, should be optimally designed. One of the main design parameters of the ring modulator is bandwidth which is partially affected by the design of the doped waveguide. Another important factor is the coupling condition of the ring modulator.
Several studies are done to optimize the waveguide geometry and doping profile of a pn doped waveguide [1, [5] [6] [7] [8] [9] [10] . It is shown that electrical bandwidth of the depletion-mode waveguide can be increased using the following methods: a higher dopant concentration for the p and n regions to reduce series resistance, a higher reverse bias voltage to decrease junction capacitance [9] , a higher ratio of slab thickness to rib height [11] , or a smaller distance between highly doped region, p ++ /n ++ , and the edge of the waveguide (d ++ ) to decrease series resistance [6, 11] . However, there are multiple trade-offs associated with each of these methods. Increasing the dopant concentration not only increases the optical loss, but also increases the junction capacitance. Therefore careful design of the dopant concentration is required [9, 10] . Moreover, available doping levels are usually limited to certain levels in each foundry when custom run is not available. In terms of the waveguide geometry or bias voltage, higher bias voltages and higher ratios of slab thickness to rib height would result in a lower modulation efficiency [11] . The latter is due to the lower lateral mode confinement. It is theoretically predicted that one optimum way to increase bandwidth without sacrificing modulation efficiency is reducing the series resistance by decreasing d ++ in reverse-biased pn diode waveguide [11] . However, too much reduction of d ++ results in an increase in optical loss [11, 12] . This is due to optical mode lateral extension to the highly doped region [5] as well as the dopant diffusion to the waveguide during the annealing process. The latter increases the free carrier absorption. This additional loss is experimentally studied in IME A*Star process for a certain waveguide geometry [5] . However, the quantitative influences of decreasing d ++ on the loss and bandwidth of ring modulator are little discussed. The main goal in many of the above studies is to optimize Mach-Zehnder modulator (MZM) bandwidth and modulation efficiency, and the results may not be applicable to ring modulators. This is due to the more complex nature of resonance in ring modulators which couples the optimization of optical and electrical parameters. As both the cavity photon lifetime and the electrical (i.e. the RC limited) bandwidth of carrier-depletion ring modulators are affected by d ++ , and since d ++ is not limited by the foundry, it can be used as a handle to further optimize ring modulator design. Hence, it is important to systematically study design trade-offs of d ++ .
In this paper, we quantitatively study the impacts of decreasing d ++ on the performance of reverse-biased ring modulators. Four groups of reverse-biased ring modulators with different values of d ++ and coupling gaps are studied. The key performance parameters such as extinction ratio, modulator penalties, insertion loss, and ring modulator electrical and optical bandwidth are compared at various d ++ values based on measurement and simulation results.
To accurately calculate the ring modulator bandwidth ( f 3dB ), small-signal analysis should be used. This is due to the fact that, in addition to optical ( f Q ) and electrical ( f RC ) bandwidths, carrier wavelength is also important as it may lead to resonance peaking in the frequency response [13] [14] [15] [16] [17] [18] [19] . Small-signal models of ring modulator have been studied previously [13] [14] [15] [16] [17] [18] [19] and can be used to evaluate the effect of various design parameters on ring modulator performance. In this paper, in addition to measurement, we use our small-signal model presented in [19] as a tool to study the effect of d ++ on the frequency response of ring modulators which provides additional insight into frequency response trade-offs. Also, the rate of increase in bandwidth at the cost of decreasing DC value of the frequency response (DC gain) is calculated based on the electro-optical frequency response and compared across ring modulators with various d ++ . We show that d ++ can also be used as a tuning factor in changing the amount of trade-off between the frequency response DC gain and bandwidth. Finally, performance of each of these ring modulators is compared according to the device bandwidth, extinction ratio (ER), and insertion loss (IL).
Device description
To quantitatively assess the effects of d ++ on the ring modulator performance, we characterize all-pass ring modulators fabricated in IME A*Star process [20] . Schematic of the ring modulator doped waveguide cross-section is shown in Fig. 1 . Ring modulators are fabricated on a Silicon on Insulator (SOI) wafer with a top Si layer of 220nm and 2μm thick buried oxide layer. The slab thickness of the rib waveguide is 90nm. The doping concentration for low-doped region is 3 × 10 17 cm −3 for n and 5 × 10 17 cm −3 for p, and for high-doped contact region is 10 20 cm −3 . Note that the chosen doping concentrations may not be the optimum values, but rather those fixed concentrations offered by the foundry. The doped section is taking 75% of the ring circumference excluding the coupling region. As shown in Fig. 1 , pn junction has 50nm offset from the waveguide center as holes induce less free carrier absorption loss and more refractive index change [21] . Twenty ring modulators in total are fabricated with various distances of the highly-doped region to the edge of the waveguide, d ++ . These include four groups of ring modulators with d ++ of 200nm, 350nm, 550nm, and 800nm. In each group, the gap between the ring modulator and the bus waveguide ranges from 200nm to 400nm with a step of 50nm to enable finding the ring modulator at or close to its critical coupling condition. Radius and waveguide widths of all the rings are 10μm and 500nm, respectively.
Device DC performance measurement and analysis
In order to identify ring modulators closest to the critical coupling condition in each group, static power transmission of all 20 ring modulators are measured when no DC voltage is applied. Grating couplers are used to couple the tunable laser source (Agilent 8164A) in and out of the chip to the optical power meter (N7744A). Coupling loss is around 5dB per grating. For each group of ring modulators, the notch depths of power transmission spectra are measured and plotted versus gap in Fig. 2 (a) where data points are indicated with markers. The rising and falling trends in the notch depth indicate a transition in the coupling condition. For example, for d ++ of 350nm and 550nm, it is clear that ring modulators before and after the maximum notch depth are in different coupling conditions. Amplitude decay time constant due to ringto-bus waveguide coupling (τ e ) increases when the gap gets wider, whereas the other part of the amplitude decay time constant arising from intrinsic loss inside the cavity (τ l ) stays constant. As such, ring modulators with d ++ of 350nm and 550nm can be classified in terms of their coupling conditions. However, modulators with the maximum notch depth need optical parameters to be extracted to verify their coupling conditions. Knowing that τ l increases by increasing d ++ , coupling conditions of the ring modulators with d ++ of 200nm and 800nm are also determined. Figure 2 (b) shows color-coded coupling conditions for each group of d ++ where the over-coupled and under-coupled rings are shown in orange and blue, respectively. Also, data points are shown with cross markers. The boundary between under and over coupling conditions are shown with shaded colors as it is uncertain. According to Fig. 2 (b), the critical coupling condition is not reached for d ++ = 200nm, as loss is high and gap smaller than 200nm is required. In the other three groups of d ++ , ring modulators closest to the critical coupling condition are selected for further analysis. In this study, it is important to pick rings close to the critical coupling condition as the coupling condition (i.e. deep under-or over-coupling) changes the dynamic response of the ring modulator [14, 19, 22] . Selected rings are indicated with circles in Fig Transmission spectra at through ports of the ring modulators A to D under reverse-biased conditions are shown in Figs. 3(a) and 3(d), respectively. Despite the same radius, due to the process variation on waveguide geometry (e.g. sidewall angle and waveguide width), the resonance wavelengths are different. For Ring A due to low quality factor, only the results for 0V and -4V are shown, while the results for 0V to -6V are plotted for Rings B-D. Notch-depth variation due to increasing bias voltage indicates Ring A to D are under-, under- , over-, and over-coupled, respectively. Resonance wavelength shift of about 7-8pm/V is observed. In this work, the aim is not to optimize modulation efficiency, as the available doping concentrations are limited and low. Efficiency of 24pm/V could be achieved with about 10× higher concentration [1] .
Optical parameters of the ring modulators are extracted by fitting the measured data to the ring static transmission formula of [23] :
where Δω is angular frequency detuning with respect to the angular resonance frequency, τ is the electric field amplitude decay time constant and 1/τ = 1/τ e + 1/τ l with τ e and τ l being the amplitude decay time constants due to the intrinsic loss inside the cavity and due to the ring to bus waveguide coupling, respectively. Quality factor (Q), of the ring resonator is related to the decay time constant through τω res /2 where ω res is the angular resonance frequency. This means when the life time (decay time constant) of circulating light inside the ring resonator is higher, ring has higher quality factor. Table 1 summarizes the key optical parameters of τ l , τ e , τ, cavity linewidth, Q, and the coupling condition for Rings B to D at -1V bias voltage. The parameters for Ring A at 0V are also added in this table for comparison. Group index, n g , is extracted to be 3.86. According to the table, by decreasing d ++ from 800nm in Ring D to 200nm in Ring A, τ l decreases about 36× due to increase in optical losses. Decreasing d ++ also lowers the ring quality factor which leads to a higher optical bandwidth. However, decreasing d ++ too much (i.e. 200nm) results in the impractical device due to a very low quality factor (Q = 2, 084 in Ring A).
From measured transmission spectra shown in Figs. 3(a) and 3(d), τ l as a function of voltage is extracted and shown in Fig. 4(a) with circles for all four rings. Also shown in the solid line is the quadratic fit. Variation in τ e over voltage is insignificant, as the coupling region is not doped. From the extracted voltage-dependent τ l , the power loss coefficient in 1/m is calculated as [24] 
where v g is the group velocity. Based on this, additional optical loss with respect to d ++ = 800nm is plotted in Fig. 4(b) . Total optical loss for d ++ = 800nm is around 9dB/cm. This loss includes a propagation loss, which is reported to be around 2-3dB/cm in similar fabrication process [25] , and radiation loss due to bending, which is expected to be around 2dB/cm from simulation using commercial software [26] . The rest is due to the doped waveguide. The additional loss shown in Fig. 4 (b) is due to lateral mode expansion to the high-doped region. According to Fig. 4 (b), this additional loss rises rapidly with decreasing d ++ where, for example at d ++ = 550nm the additional loss of 6.6dB/cm increases to over 300dB/cm at d ++ = 200nm. The increase of loss by decreasing d ++ depends on the lateral confinement set by waveguide geometry such as the ratio of rib height to slab thickness [5] .
Refractive index change with respect to 0V, Δn e f f , as a function of voltage is also determined and plotted ( Fig. 4(c) ) for Rings B-D based on the Δn e f f = n g Δλ r Fλ r . Here, Δλ r /λ r is the normalized resonance shift and F is the ratio of pn junction length to the ring circumference [10] . As expected, changing d ++ does not alter modulation efficiency. Small changes observed in this figure may arise due to process variations from one ring to another.
In order to evaluate ring modulator performance based on the tested DC characteristics, static ER and IL are calculated from transmission spectra shown in Figs. 3(b) and 3(d), for Rings B-D assuming voltage swing from 0V to 3V. Figures 5(a) and 5(b) show ER and IL plots versus relative input wavelength to the resonance wavelength at 0V, respectively. Although all three rings are close to critical coupling, due to the lower quality factor of Ring B, the maximum achievable ER with 3V applied voltage is much smaller than Rings C and D, as shown in Fig 5(a) . Also, due to the lower slope in the transmission spectra (wider transmission spectrum), the rate of change in ER value versus relative wavelength is smaller when d ++ is smaller. Moreover, the corresponding IL in Fig. 5(b) is higher for smaller d ++ .
Another metric to evaluate the ring modulator performance is transmission penalty [27] defined as T p = −10log( P 1 −P 0 2P in ) where P 1 (P 0 ) is transmitted power at bit 1 (bit 0) and P in is the input power. Transmission penalties for Ring B to D are shown in Fig. 5(c) where the minimum TP for Ring B and D are 14.8dB and 5.8dB, respectively. This means that the amount of optical modulation amplitude with respect to the input power decreases significantly when d ++ is smaller. However, when a higher bandwidth is required, the relative wavelength should increase which will result in a rapid increase in TP for Rings C and D. The bandwidth dependency over working wavelength will be discussed in further details later in the paper. In Figs. 6(a) and 6(b), the maximum ER (ER max ) and the corresponding IL as a function of applied voltage with respect to 0V (ΔV ) are shown for Rings B-D. According to this, from 0V to 6V, ER max increases from 1.6dB, 5.8dB, and 12dB to 8.8dB,17.8dB, and 20dB for Rings B-D, respectively. Also, from 0V to 6V, corresponding IL decreases from 17.4dB, 15dB, and 9.2dB to 12.4dB, 3.8dB, and 1.4dB for Rings B-D, respectively.
All these parameters are essential to designing functional ring modulators as will be discussed later in the discussion section.
Device small-signal characteristics
The small-signal electrical response of the ring modulator is modeled by the equivalent circuit shown in Fig. 7 [1] . Here, C pad , C j , and C ox are the capacitance between the pads, the capacitance of the reverse-biased pn junction, and the capacitance through the oxide layer, respectively. Also, R s j and R Si are the series resistance of the pn junction and the resistance The circuit element which varies by changing d ++ is R s j . Other extracted circuit components stay almost similar where the maximum variation in C j is about 1 f F. The value of R s j for Rings B and C are extracted to be 125Ω and 154Ω, respectively. R s j and C j are also calculated based on the methods presented in [17] to be 211Ω for Ring D, 160Ω for Ring C, and 110Ω for Ring B and around 11.7 f F. These values are in agreement with the measured results. Small deviations are attributed to process variation. Considering a 50Ω source impedance, f RC for Rings B, C, and D are computed at -1V to be 75GHz, 59GHz, and 51GHz which are 2×, 6×, and 9× larger than their f Q , where f Q is defined as 1/πτ, respectively. This suggests that f Q is the main limiting factor in bandwidth for all three rings. In order to simulate frequency response of the ring modulators, our model presented in [19] is used. From fitted curves to τ l versus voltage shown in Fig 4( Fig. 4(c) , The RF signal is fed to the device using high speed SG probe. All the RF components such as cables, connectors, the RF probe, and a bias tee are de-embedded from the frequency response. A Tunable laser source is coupled to the devices by a fiber grating coupler. The temperature of the stage is kept constant at 25 • C. In order to perform an error-free measurement of the small-signal frequency response at both positive and negative detunings, either the output power should be low to avoid a self-heating effect, or else we should calibrate the measured results to remove the self-heating effects [15] . The laser output power is kept at -7dBm and -10dBm for Rings C and D in order to avoid self-heating. For Ring C, due to higher intrinsic loss, the smaller slope of the spectrum, and the sensitivity limitation of the optical receiver, the measurement results at low input power are noisy. Therefore, we measure the small-signal response of the ring at 6dBm input power and we used the method presented in [15] to remove the effect of self-heating by mapping the measured detuning to real detuning. The measured electro/optical responses (markers) are also added to the simulation results (solid lines) shown in Figs. 9(a) and 9(d). For all three rings at both negative and positive detunings, the measured data are in good agreement with the simulation results. The expected input wavelength-dependent frequency response of the ring modulators [13-15, 19, 28] can be seen from both measurement and simulation results. The difference between frequency responses at positive and negative detunings is a result of loss modulation when modulating the index of the ring resonator [15, 19] . Comparing E/O responses of these three rings, the 3dB bandwidth improvements by decreasing d ++ is clear.
To better quantify the improvement in the device bandwidth, f 3dB of rings with various d ++ versus normalized detuning are calculated based on the small-signal E/O measurements and simulations. Figure 10(a) shows the simulated f 3dB as a function of Δωτ. Measured f 3dB are also added for Rings C and D in markers, however, as the minimum bandwidth of Ring B is close to the bandwidth of the lightwave component analyzer, an accurate bandwidth measurement is not possible. Comparing these three rings, the 3dB bandwidth improvements by decreasing d ++ is obvious. Based on Fig. 10(a) , the minimum bandwidth increases from 2.8GHz in Ring D to 17.2GHz in Ring B.
Increasing the laser detuning leads to the bandwidth increase due to the peak generation in the frequency response at high frequencies. However, DC gain, G DC , only rises until a certain detuning (i.e. Δω = 1/( √ 3τ) when neglecting the loss modulation) where beyond this point it decreases [14, 15, 19] . The variation in G DC over laser detuning is quantified by G DC penalty, which is essentially G DC at each detuning normalized to the maximum G DC achieved across the entire detuning range [14] . Figure 10(b) shows the simulated penalty in G DC versus normalized frequency detuning, Δωτ, in a solid line for Ring C. The G DC penalty is similar for all three rings as G DC penalty is only proportional to Δωτ [Δω 2 τ 2 +1] 2 [14, 19] . Despite the same G DC penalty, G DC is different for the three ring modulators as each has a different Q, and therefore, a different transmission spectrum slope. Also, from the measured E/O responses shown in Figs. 9(c) and 9(d) at 200MHz, the G DC penalty is calculated and shown with markers in Fig. 10(b) which follows the same trend expected from simulation results. As a reference point, ±60nm is equivalent to normalized detuning of around ±1.72. In [19] , we showed that for a non-zero detuning, the ring modulator small-signal electrooptical response has one real pole, one zero, and a pair of complex-conjugate poles. We also showed that the trade-off efficiency between f 3dB and G DC penalty rises to a limit when increasing the electrical bandwidth. We assumed that electrical bandwidth only affects the location of the real pole and does not change the locations of zero and complex-conjugate poles.
Here, increasing f RC is done through decreasing d ++ which also alters the optical behavior of the ring modulators. To make this clearer, pole-zero diagrams of Rings B-D are shown in Fig. 11 . In this figure, 1/(R eq X C eq X ) (X = B, C, and D) shows the pole representing the electrical behavior of the ring modulator while a complex pole located at −1/τ X ± jΔω X and a real zero show the optical behavior of the ring modulator. The location of the zero with respect to a complex pole pair depends on the coupling condition [19] . As shown in Fig. 11 , all the pole and zero locations are affected by d ++ . As the quality factor and therefore τ are different in the three rings studied here, we compare ring modulator responses at similar normalized detunings (similar Δωτ) throughout the paper. This is indicated as a dashed line in Fig. 11 along which the damping factor (ζ = 1/ 1 + (τΔω) 2 ) is similar in Rings B-D while the natural frequency (ω n = Δω 2 + 1 τ 2 ) of Ring B is higher than Rings C and D. To study and compare the aforementioned trade-off efficiency, simulated f 3dB are plotted versus the G DC penalty in Fig. 12(a) for positive Δω. According to this figure, smaller d ++ not only results in a higher bandwidth but also results in a more efficient trade-off between the G DC penalty and f 3dB . Consequently, d ++ is shown to be a design parameter in tuning the efficiency of the bandwidth and low frequency eye opening of the ring modulators. The gain-bandwidth product (GBW ), defined as G DC × f 3dB , for these three rings are plotted in Fig. 12(b) . This shows that, although Ring D has the lowest bandwidth, the GBW of Ring D is the highest compared to the other two rings due to its steeper transmission spectra. Table 2 summarizes the comparison between Rings B, C, and D in terms of f Q , f RC , f 3dB , maximum GBW , and trade-off efficiency between f 3dB and the G DC penalty. The latter is defined as the slope of a fitted line to plots shown in Fig. 12(a) . As shown in this table, in terms of the bandwidth, Ring B with the smallest d ++ among all the rings, has both higher optical, electrical, and consequently total bandwidth. Also, it has the most efficient trade-off between bandwidth and DC gain. However, Ring D, with largest d ++ , has the highest GBW. 
Discussions
Above we quantify variations the optical behavior of the device and electrical characteristics of the ring modulators when decreasing d ++ . In order to assess the ring modulator performance, metrics such as ER and IL should be taken into account in addition to the small-signal frequency response. Although the static ER of the ring modulator may degrade when driven at high frequency, it could still be used as a parameter to compare different ring modulator efficiencies. As shown in Figs. 5(a) and 5(b), by increasing the detuning on the positive side, ER decreases as the transmitted power at bit 0 and 1 become closer but IL decreases as going farther from the resonance frequency. Also, base on Fig. 6(a) , decreasing d ++ decreases the maximum achievable ER over various applied voltages. At the same time, according to Fig. 6(b) , this increases IL. On the other hand, based on Figs. 9(a) and 9(d) and 10(a), the bandwidth of the ring modulator increases significantly by decreasing d ++ . The three metrics of ER, IL, and f 3dB are dependent on laser frequency detuning. According to Fig. 5(a) , increasing laser detuning beyond the detuning corresponding to maximum ER, results in decreasing ER while based on Fig. 10(a) , it leads to an increase in f 3dB . Hence, there will be a trade-off between ER and f 3dB In order to see these relations between ER and IL with f 3dB more clearly, Figs. 13(a) and 13(b), plot the ER and IL obtained from measured transmission spectra with voltages varying between 0-4V as a function of f 3dB computed at 0V. Here, we consider positive frequency detunings. According to Fig. 13(a) , ER above 5.7dB is not achievable for Ring B. Also, considering ER above 4dB, the maximum f 3dB achievable for Rings B, C, and D are 22.1GHz, 8.2GHz, and 5.8GHz, respectively. The minimum IL corresponding to these maximum f 3dB from Fig. 13 (b) are 9.4dB, 2.5dB, and 1dB for Ring B, C, and D, respectively. These values are summarized in Table 3 together with the corresponding detunings. Also, the corresponding TP values are included in the table showing that Ring B has a TP value that is 7.7dB higher than that of Ring D. At applied voltage of 4V, to achieve 4dB ER, the bandwidth can increase by 3.8× by decreasing d ++ from 800nm to 350nm but at the price of 8.4dB extra IL. Please note that ER and IL reported here are calculated based on DC measurement, and could be an overestimation of the values measured at large signal domain depending on the operating bit rate. At ER = 4dB, increasing d ++ from 350nm to 550nm and from 550nm to 800nm, decreases f 3dB by 0.37× and 0.7×, respectively, while IL decreases around 0.49×, in linear scales, for both cases. These rates of change are similar when ER = 5dB. As the rates of change in IL and f 3dB are different, depending on the importance of f 3dB and IL, the definition for figure of merit may vary. For example, in some applications bandwidth of the device is more important and a few dB extra IL is acceptable within the link budget. In that case, in the defined figure of merit, there should be a higher weight for f 3dB compared to IL which may result in selecting a smaller d ++ . In this study, we selected a wide range of d ++ values to observe the trend of variation in parameters such as loss, IL, f RC , f Q , and f 3dB . Based on this study, for small values of d ++ (350nm and 200nm) , an exponential increase in loss by decreasing d ++ (Fig. 4(b) ) results in the photon lifetime, τ l , to be the main reason in improvement of bandwidth rather than electrical bandwidth. This has a disadvantage of an increase in IL. If IL needs to be kept in a certain range, then based on the trend of variation in τ l and R s j given here, d ++ can be selected accordingly. On the other hand, aside from the rise in IL, a decrease in the ring quality factor at smaller d ++ values increases the tolerance of the resonance wavelength walk-off and , therefore, relaxes the control feedback loop design [4] .
Fabrication tolerance is also an important factor, especially for the small d ++ values. The doping implantation usually has a few tens of nm offset. Due to the exponential increase in loss by decreasing d ++ (Fig. 4(b) ), at small d ++ values this will increase the fabrication sensitivity. Selecting the right value for d ++ depends on the link power budget, the required bandwidth, the available peak-to-peak voltage at the driver, the required ER, and process tolerance.
Also, here we considered symmetric positioning of the high doped regions as it is the most common configuration. However, d ++ could be asymmetric in order to add an extra handle for further optimization of the ring modulator performance. This is due to different carrier absorption of electrons and holes [21] as well as the longer interaction length of optical mode with the outer side of the ring modulator than the inner side. Therefore, asymmetric d ++ could be helpful to decreasing the insertion loss while maintaining the same electrical bandwidth. Another way of improving of the ring performance is to add intermediate doping together with the optimized d ++ . This will help decreasing the series resistance and hence improving the bandwidth while not inducing too much loss on the ring modulator.
Conclusions
We performed DC and small-signal simulations and measurements of reverse-biased ring modulators fabricated in IME A*Star process with various high-doped region locations of 200nm, 350nm, 550nm, and 800nm distance from the edge of the waveguide. The model for small-signal frequency response of the ring modulator presented before is used to provide further insight into the device design and optimization. Based on the DC and AC characteristics of the devices, we assessed optical and electrical properties of the ring modulators based on the location of the high-doped region. Parameters such as additional loss, ER, IL, TP, and optical and electrical bandwidths were compared among various ring modulators.
